Male-derived sex-peptide (SP) induces profound changes in the behaviour of Drosophila females, resulting in decreased receptivity to further mating and increased egg laying. SP can mediate the switch in female reproductive behaviours via a G protein-coupled receptor, SPR, in neurons expressing fruitless, doublesex and pickpocket. Whether SPR is the sole receptor and whether SP induces the postmating switch in a single pathway has not, to our knowledge been tested. Here we report that the SP response can be induced in the absence of SPR when SP is ectopically expressed in neurons or when SP, transferred by mating, can access neurons through a leaky blood brain barrier. Membrane-tethered SP can induce oviposition via doublesex, but not fruitless and pickpocket neurons in SPR mutant females. Although pickpocket and doublesex neurons rely on G(o) signalling to reduce receptivity and induce oviposition, G(o) signalling in fruitless neurons is required only to induce oviposition, but not to reduce receptivity. Our results show that SP's action in reducing receptivity and inducing oviposition can be separated in fruitless and doublesex neurons. Hence, the SP-induced postmating switch incorporates shared, but also distinct circuitry of fruitless, doublesex and pickpocket neurons and additional receptors.
Introduction
Mating profoundly alters the physiology and behaviour of many species. To guarantee reproductive success, control of pregnancy-associated alterations in behaviours is believed to be mostly hard-wired into the brain. In many species including most insects, male-derived substances transferred during mating impact on female physiology and postmating behaviours probably by interfering with female control of reproduction [1] [2] [3] . How mating-induced alterations of reproductive physiology and behaviour are implemented into the female brain, however, is not well understood, but probably includes multi-level control involving stimulatory and inhibitory neuronal circuits adapting the postmating response to the physiological status of the female and to environmental conditions.
In Drosophila, the 36-amino acid sex-peptide (SP) is the main regulator of the postmating response in females and is transferred by males together with sperm and accessory gland fluid during mating [4] [5] [6] [7] . SP leads to rejection of courting males and increases egg production and oviposition [4] [5] [6] [7] [8] , but also leads to other behavioural and physiological changes. These include an increase in feeding, a change in food choice and sleep, and stimulation of the immune system [9] [10] [11] [12] [13] . In addition, SP is required for release of stored sperm and imposes costs of mating [14, 15] .
A high-affinity receptor for SP, SPR, has been identified and its presence is required for the postmating switch resulting in reduced receptivity (readiness to mate) and increased oviposition [16] . SPR encodes a G protein-coupled receptor and can activate trimeric G proteins with either Gai or Gao subunits when heterologously expressed in cell culture. Despite the highly specific behavioural response, however, SPR is broadly expressed in the nervous system and the oviduct. SPR also binds myoinhibitory peptides (MIPs) with high affinity, which do not induce the SP-mediated postmating switch [17] [18] [19] . It therefore appears that SPR has additional functions.
Insights into the circuitry mediating the SP-induced postmating switch has come from the analysis of SP-insensitive egghead (egh) mutants. These studies revealed the requirement for a subset of afferent ventral nerve cord interneurons that express apterous (ap) and project to central parts of the brain [20] . Other attempts to map the neuronal circuitry mediating the SP response used membrane-bound SP (mSP) or RNAi knock-down of SPR in restricted patterns [21] [22] [23] [24] . These studies identified three restricted neuronal expression patterns, where SPR expression in SPR mutants can restore, or expression of mSP can induce the SP response. These neurons are defined by the expression of the sex-determination genes doublesex (dsx) and fruitless ( fru), and of pickpocket ( ppk), a DEG/ENaC channel involved in nociception [21, 22, 24, 25] . In both the central nervous system and PNS, dsx and fru are expressed in approximately 700 and approximately 2000 neurons, respectively, in characteristic patterns, while ppk is expressed exclusively in a subset of peripheral nervous system (PNS) neurons [21, 24, [26] [27] [28] . Overlapping expression of these three genes has been identified in a subset of genital tract neurons that project to central areas of the brain suggesting that these neurons signal the presence of SP to higher order processing centres in the brain [21, 22, 24] . Dsx-expressing neurons in the abdominal ganglion (Abg) that project to the genital tract and the central brain are also involved in the SP response [22] .
Binding sites of SP have been identified in many parts of the nervous system including, most prominently, the ventral nerve cord, all afferent nerves, the neck connective and distinct areas in the brain [29, 30] . Consistent with the complexity of the SP-induced postmating switch, SPR is broadly expressed in a similar pattern [16] . As we consistently observed an SP-induced increase in oviposition in SPR mutant females, we were wondering whether SPR is the sole receptor for SP and whether there were multiple pathways by which SP can induce the postmating switch. Here, we show that SP can induce the postmating behavioural switch in the absence of SPR and that SP binding sites are present on afferent nerves and the genital tract in SPR mutant females. Our results indicate that the SP response in the absence of SPR is dependent on passage of SP through the blood brain barrier (BBB). Intriguingly, analysis of the SP response in females with a leaky BBB also demonstrates a role for SPR in inhibiting egg laying independent of the regulation of receptivity. Separation of the control of egg laying from receptivity is further revealed by mSP expression in dsx neurons in SPR mutant females. Regulation of receptivity is also separable from ovipositon in fru, but not dsx and ppk neurons through inhibition of G(o) signalling. Together, these results suggest that multiple pathways regulate the SP-induced postmating switch.
Results
To examine whether SP can induce postmating behaviour in the absence of SPR, we delivered SP directly to neurons by a transgene, which expresses the SP gene under the control of a neuronal elav promoter [31] . This construct contains the signal peptide resulting in secretion of SP. In wild-type females, delivery of SP to neurons reduces receptivity and induces oviposition indistinguishably from delivery to the genital tract by mating or to the haemolymph by secretion of an ectopically expressed SP gene in the fat body (figure 1a,b) [5] . In SPR mutant females, neuronal expression of SP can induce the full response in reducing receptivity and inducing oviposition ( figure 1a,b) . By contrast, delivery of SP to the genital tract by mating or to the haemolymph by fat body expression in SPR mutant females does not reduce receptivity, but results in a small but significant increase in oviposition ( figure 1a,b) . Hence, SP can trigger the postmating switch in SPR mutant females, but only when delivered directly to neurons.
To validate the specificity of transgenically supplied SP to neurons, we examined the effect of a non-functional SP. Reduction of receptivity, induction of oviposition and binding to SP targets in the brain have been mapped to C-terminal amino acids (aa) 17-36 of SP and mutating the last cysteine abolishes both behavioural responses as well as binding in the nervous system [29, 30] . In agreement with this, ectopic neuronal expression of SP with the last two aa changed to SA (neuronal SP mut ) does not result in reduced receptivity rspb.royalsocietypublishing.org Proc R Soc B 280: 20131938 nor in an increase in oviposition (figure 1a,b). Therefore, the postmating switch of reproductive behaviours in SPR mutant females is also mediated by the C-terminal part of SP.
In SPR mutant females, SP present in the haemolymph (see the electronic supplementary material, figure S1) seems not to reach neuronal target(s), which are separated from the haemolymph by a sheath of glial cells forming the BBB [32, 33] . We therefore wanted to know whether a leaky BBB would allow SP to reach its neuronal target(s) and restore the SP response in SPR mutant females in the physiological context of mating. The moody G protein-coupled receptor is expressed in the BBB and its knock-down results in a leaky BBB [32, 33] . Wild-type females that express moody -RNAi in glial cells using repoGAL4 are viable and behave as wild-type females with regard to mating (figure 2a,b). SPR mutant females with a leaky BBB respond to SP delivered by mating comparable with wild-type females, e.g. receptivity is reduced and oviposition is increased (figure 2a,b). In these females, SP is the mediator of the behavioural switch because females mated with males lacking SP (SP 0 ) behave very much like virgins (figure 2a,b). These results suggest that SP enters the haemolymph and needs to pass through the BBB to reach the relevant neurons to induce the SP response in SPR mutant females.
To elucidate the characteristics of the SP response in the presence of a leaky BBB and in the absence of SPR, we injected SP into the haemolymph to analyse the dose response and response time to reduce receptivity and induce oviposition. In females with a leaky BBB, the critical concentration to reduce receptivity was lowered about fivefold (from 600 to 90 fmole) compared with control females, while in SPR mutant females with a leaky BBB about a 2.5-fold higher dose was required to reduce receptivity (from 0.6 to 1.5 pmole, see the electronic supplementary material, figure S2a). For oviposition, females with a leaky BBB laid the maximum amount of eggs with 0.25 pmole of injected SP, while higher concentrations inhibited egg laying (see the electronic supplementary material, figure S2b). In SPR mutant females with a leaky BBB, 15 pmole of SP was required for laying a similar amount of eggs as control females (see the electronic supplementary material, figure S2b).
Next, we analysed the time required to induce the SP response after injection of SP (see the electronic supplementary material, figure S2c and 2d). For measuring receptivity, anaesthesia of wild-type females by cold and injection does not impact on their ability to mate immediately after recovery and all females mated within a period of an hour (see the electronic supplementary material, figure S2c). We observed that receptivity of control females as well as of SPR mutant females with a leaky BBB was 50% reduced after about an hour following injection, while injected SP reduced receptivity in females with a leaky BBB instantly (see the electronic supplementary material, figure S2c). To analyse the onset of egg laying, we measured the time it takes to induce ovulation, that is the presence of an egg in the uterus (see the electronic supplementary material, figure S2d). In this assay, females with a leaky BBB initiated ovulation with a delay of about an hour which is similar to control females (50 min), while SPR mutant females with a leaky BBB initiate ovulation with a delay of 75 min and these females also ovulate at a lower frequency (see the electronic supplementary material, figure S2d). These results reveal that egg laying is more sensitive to injected SP in the presence of SPR. Injection of SP into the haemolymph induces ovulation faster (50 min) than mating (210 min), but this delay is not owing to the presence of sperm (see the electronic supplementary material, figure S3 ).
In wild-type females, neuronal expression of mSP or SPR can mediate the postmating switch in ppk, fru and dsx neurons [16, 21, 22, 24] . Now we wanted to assess whether SP switches female postmating behaviour also in SPR mutant females via these previously identified neurons. In SPR mutant females, expression of mSP in dsx neurons resulted in increased oviposition but did not affect receptivity. SPR mutant females expressing mSP in fru and ppk patterns behaved like virgin females and did not reduce receptivity and increase oviposition (figure 3a,b). Consistent with previously published data, expression of mSP in wild-type females with ppkGal4, fruGal4 or dsxGal4 reduced receptivity and increased oviposition similar to mating (figure 3a,b) [21, 22, 24] . These results indicate that SP can induce egg laying independent of reducing receptivity and that this response is mediated by dsx neurons.
The SPR G protein-coupled receptor can activate trimeric G proteins containing either Gai or Gao in cell culture [22] . Although SPR signals through G(o) in ppk neurons to mediate the postmating switch [21] , it has not been tested whether fru and dsx neurons also signal through G(o) or whether these neuronal populations can be further divided by the signalling rspb.royalsocietypublishing.org Proc R Soc B 280: 20131938 characteristics of SPR. Pertussis toxin (PTX) selectively and irreversibly inactivates G(o) by ADP-ribosylation of the alpha subunit, and is specific for G(o) signalling as Drosophila does not have a transducing homologue, and Gai in Drosophila does not have the PTX recognition site [34] [35] [36] . To assess whether SPR signalling via Ga0 also mediates the switch in postmating behaviours in fru and dsx neurons, we used conditional expression of tet0-PTX by the UAS-rtTA doxycyclin-inducible transactivator [37] and tested mature 3-5 day-old virgin females for their response to injected SP in receptivity and oviposition. Conditional PTX expression in mature virgin females in ppk, fru and dsx patterns did not alter their postmating behaviour, e.g. receptivity was high and egg laying was low ( figure 4a,b) . Likewise, conditional expression of PTX in the eye using GMR Gal4 does not alter the response to SP ( figure 4a,b) . By contrast, conditional PTX expression in ppk and dsx neurons of mature virgin females inhibited their response to injected SP, resulting in mating and egg laying similar to virgin females ( figure 4a,b) . Intriguingly, conditional PTX expression in fru neurons of mature virgin females only inhibited SP-induced egg laying, but these females still responded to SP in reducing receptivity comparable with SP-injected control females expressing PTX in the eye ( figure 4a,b) . The same result was obtained in response to mating (data not shown). These results indicate that SPR can regulate receptivity in fru neurons by a G(o)-independent pathway, and therefore further suggest that receptivity and oviposition can be regulated by distinct neuronal pathways.
Discussion
After mating, Drosophila females exert complex behavioural changes most prominently indicated by refractoriness to further mating and by increased egg laying. Based on the complexity of the SP-induced postmating response and the numerous SP binding sites in the nervous system of females, multi-level control of female postmating behaviours by SP has been suggested [38] . Indeed, our results argue that the switch in postmating behaviours can be induced in several ways by distinct neuronal circuitry and receptors.
(a) The sex-peptide response is mediated by shared and distinct circuitry of ppk, fru and dsx neurons
In principle, SP could act in higher order processing centres in the brain or through neurons that project to these areas to induce the postmating switch centrally. Indeed, a set of neurons have been identified in the genital tract, which project to the central brain [21, 22, 24] . These neurons express ppk, fru and dsx. Expression of SPR in these patterns restores rspb.royalsocietypublishing.org Proc R Soc B 280: 20131938
the SP response in SPR mutant females. In addition, a central role for projections from ap interneurons in the ventral nerve cord to the brain has also been demonstrated by the analysis of egh mutants which are insensitive to SP owing to defects in these projections [20] . In the genital tract, ppk, fru and dsx neurons express in overlapping as well as in unique neuronal populations at anatomical distinct locations, suggesting that these neuronal populations are functionally different [21, 22, 24] . Indeed, our results show that the two main postmating responses, receptivity and egg laying, are mediated by distinct populations of fru neurons. One population regulates receptivity, is PTX insensitive and independent of G(o) signalling, while another population regulates oviposition and relies on G(o) signalling instead. These receptivity regulating fru neurons are also different from ppk and dsx neurons regulating receptivity, because they are PTX sensitive and rely on G(o) signalling. Hence, these experiments suggest distinct neuronal populations through which SP regulates the postmating switch (see the electronic supplementary material, figure S5 ).
Functional differences between neuronal populations expressing ppk, fru, dsx and ap have also become evident when neuronal activity was compromised in these neurons. Inhibiting neuronal transmission in dsx or ap neurons results in insensitivity to SP, e.g. these females do not lay eggs and remate despite having received SP [20, 22, 27] . dsx and ap neurons regulating PMRs are stimulatory, because inhibiting neuronal transmission in virgin females does not result in increased oviposition and reduced receptivity [20, 22, 27] . By contrast, silencing fru or ppk neurons results in the opposite effect, which is reduced receptivity and increased egg laying in virgin females [21, 24, 39] . Based on these results, the SPinduced postmating switch can be separated into two pathways: in one pathway, SP stimulates neuronal activity in dsx and indirectly in ap neurons to reduce receptivity and induce oviposition. In the other pathway, SP inhibits neuronal activity in fru and ppk neurons to reduce receptivity and induce oviposition. In virgin females, neuronal activity of fru and ppk neurons is required for high receptivity and low oviposition (see the electronic supplementary material, figure S5 ).
Combining the results from these two experimental approaches therefore argues for multiple pathways through which SP can induce the postmating switch in reproductive behaviours. High-resolution mapping of neuronal circuits and analysis of their activity changes upon SP encounter in the future will provide the topological features of the circuitry governing the SP-induced postmating switch of reproductive behaviours.
(b) Multiple receptors mediate the sex-peptide response SPR mutant females consistently showed a significant increase in oviposition after mating or injection of SP, indicating that SPR might not be the sole receptor for mediating the postmating response. Indeed, neuronal expression of SP in SPR mutant females or delivery of SP by mating in SPR mutant females with a leaky BBB completely restores the SP response in receptivity and oviposition. Upon injection of SP into the haemolymph of SPR mutants with a leaky BBB, higher amounts of SP are required and it also takes longer to induce the postmating switch compared with wild-type females with a leaky BBB. These results indicate that SPR potentiates the response to SP by increasing the sensitivity. Whether this occurs at the level of signalling, however, is not clear as the delay in the response could require higher amounts of SP to compensate for its degradation in the haemolymph. A puzzling discovery has been that SPR can bind MIPs in Drosophila and activate the receptor in cell culture, but injection of MIPs neither induces the SP response nor do MIPs act antagonistically to inhibit the SP response [19, 40] . SPR is evolutionarily well conserved and functions in other insects also with ligands seemingly different from SP [19, 40] . Therefore, SPR signalling might have a role in regulating access of peptides to neurons, which is consistent with its broad expression in Drosophila. A role for SPR in regulating access of peptides to their target could explain, why we did not detect a reduction of receptivity in SPR mutants after mating and suggests that SP can regulate receptivity and oviposition through distinct neuronal populations. As broad expression of SPR in all neurons or glia does not rescue the SP response in SPR mutant females (data not shown), ligand-activated signalling of SPR at the BBB needs to be localized to allow SP and other peptides to reach their neuronal target(s).
(c) Routes of sex-peptide to its targets
Injection of SP into the haemolymph triggers the postmating switch indistinguishable from mating [30, 41] . It has therefore been argued that SP enters the circulatory system to reach its target, which is supported here by detecting SP in the haemolymph at concentrations sufficient to induce the postmating switch. Intriguingly, facilitated access of injected SP to neurons through a leaky BBB leads to an instant response in reducing receptivity, while in wild-type females this response is delayed by 50 min. This delay suggests that SP needs to pass through the BBB once in the haemolymph. The start of egg laying after mating is delayed for about 210 min, but is shortened to 50 min if SP is injected [29] . This seems to be the time it takes to induce egg laying because it is not further reduced by a leaky BBB. Hence, the delay in inducing oviposition between mating and injection of SP indicates that SP passes through the genital tract and enters the haemolymph to trigger oviposition. It is thus very unlikely that the receptor for SP is localized on a sensory structure projecting to the lumen of the uterus; at least for inducing oviposition. The time response for receptivity after mating cannot be tested, because male substances other than SP transferred during mating reduce short-term remating [4] .
If SP is injected into the haemolymph of SPR mutant females with a leaky BBB, higher concentrations are required to reduce receptivity and also more time is needed to induce oviposition. These altered features of the response could reflect suboptimal delivery to neuronal targets, resulting in a longer exposure to degradation in the haemolymph rather than reduced affinity to these additional receptor(s) because the binding constant is in the same range as for binding to SPR [16] .
An intriguing role for the BBB is further revealed in allowing access of SP to those target neurons, which mediate the postmating switch. If SP is injected into females with a leaky BBB, SP acts at lower concentrations. At higher concentrations SP completely inhibits oviposition, but its effect in reducing receptivity is only marginally compromised (see the electronic supplementary material, figures S2b and S5). Thus, once in the rspb.royalsocietypublishing.org Proc R Soc B 280: 20131938 haemolymph, SP seems to be delivered to a dedicated set of neurons. Ours and previous SP injection experiments have shown that both receptivity and oviposition are altered at the same critical concentration [42] . An interpretation of these results would be the presence of an SP receptor on a single type of neuron, which then induces the postmating switch by signalling to higher order processing centres. However, our results suggest presence of SP receptor(s), which bind SP with similar affinity, on different types of neurons, responsible either for reducing receptivity or inducing oviposition (see the electronic supplementary material, figure S5 ). This is supported by our findings that SP-mediated regulation of receptivity can be separated from oviposition in fru and dsx neurons. First, fru neurons can be split into a PTX-insensitive population, which regulates receptivity and does not express ppk, and a PTX-sensitive population, which regulates receptivity and oviposition, and expresses ppk. PTX-sensitive fru neurons express ppk because ppkGAL80 can inhibit the SP response when mSP is expressed via fruGAL4 and seem epistatic to PTX-insensitive fru neurons [21] . Second, a subset of dsx neurons contains an additional SP receptor(s), which can induce oviposition, but have no effect on receptivity. Potentially, these dsx neurons are part of a motor output programme and could induce oviposition by dsx neurons projecting from the Abg to the genital tract [22] . Diversification in the control of the postmating switch through SP is indicated by the characteristics of ppk, fru and dsx neurons, which can be inhibitory, stimulatory and/or PTX sensitive (see the electronic supplementary material, figure S5 ). Although ppk, fru and dsx neurons overlap in a small population of neurons in the genital tract, the diverse properties of ppk, fru and dsx neurons makes it unlikely that the SP response is entirely regulated by these neurons co-expressing ppk, fru and dsx. The presence of additional neurons, which can mediate the SP response, has also been indicated by ppkGAL80 inhibition of dsxGAL4 UAS mSP expression. In this experiment, the SP response is only partially suppressed [22] . It is conceivable that the SP response in ppk, fru and dsx neurons is mediated by an interconnected hierarchical arrangement of inhibitory and stimulatory circuits. Fine mapping of the neuronal circuitry involved in the SP response will be required to determine whether stimulatory dsx þ /SPR þ and SPR 2 and inhibitory fru þ /ppk þ /SPR þ neurons comprise separate populations for receptivity and oviposition (see the electronic supplementary material, figure S5 ).
In conclusion, separation of SP's action in reducing receptivity from inducing oviposition in some neurons, but not in others argues for multiple pathways through which SP can induce the postmating behavioural switch.
Material and methods
Flies were kept on standard cornmeal-agar food (1% industrial-grade agar, 2.1% dried yeast, 8.6% dextrose, 9.7% cornmeal and 0.25% Nipagin, all in (w/v)) in a 12 L : 12 D cycle. Injections and behavioural assays were performed on sexually mature 3-5 day-old virgin females as described previously [8, 20] . For injections, female flies were cooled to 48C and 3 pmol SP, or as otherwise stated, in 50 nl Ringer's solution was injected. Spermless males were generated by crossing tud 1 /Df(2R)Exel6072 females to wild-type males. ANOVA followed by planned pairwise comparisons with Fisher's protected least significant difference was done for statistical analysis using STATVIEW. Generation of the SP construct for neuronal expression and transgenic flies by phiC31-mediated transformation has been described previously [31] using landing sites at 28E (PBacfy þ -attP3BgVK00002) and 76A (PBacfy þ -attP-3BgVK00002). SPR/Df females were generated by crossing females for the larger deficiency Df(1)JC70/FM7 with SPR mutant males (Df(1)Exel6234). moody RNAi lines PfGD709gv1800 and Pf100674gv109601 were used and yielded indistinguishable results. repoGAL4 is an enhancer-trap insert in the repo gene. For transgenic delivery of SP to the haemolymph via secretion from fat body expression under the yp1 promoter, a YPhsSPg insert on the second chromosome was used [5] and mSP was expressed from an insert on the third chromosome [23] . fruGal4 and dsxGal4 are Gal4 insertions into the endogenous locus, and for expression in the ppk and GMR, patterns inserts on the second chromosome were used [21, 27, 28] . For conditional expression of PTX with doxycycline, the UAS-rtTA tet0-PTX20f line with both inserts on the second chromosome was used [37] . Doxycyline was applied (200 ml 10 mg ml
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) to the surface of standard food and females were exposed for 24 h.
